Elevated intraocular pressure (IOP) is an important risk factor for retinal ganglion cell (RGC) death and optic nerve (ON) degeneration in retinal ischemia and glaucoma.^[@bib1]^ It has been reported that blockade of mitochondrial permeability transition pore (MPTP) protects neuronal cells against ischemic injury.^[@bib2],\ [@bib3],\ [@bib4],\ [@bib5]^ The MPTP opening leads to the loss of mitochondrial membrane potential, mitochondrial swelling, rupture of the outer mitochondrial membrane and the release of cytochrome *c*.^[@bib6],\ [@bib7]^ Recently, MPTP-mediated neuronal cell death has been implicated as an important pathophysiological mechanism for mitochondrial dysfunction in ischemic retinal injury.^[@bib3],\ [@bib8]^ However, the molecular mechanisms underlying MPTP-mediated cell death in ischemic retinal injury induced by acute IOP elevation remain unclear.

The mitochondrial matrix-specific protein cyclophilin D (CypD) is an essential structural component of the MPTP with the voltage-dependent anion channel of the outer membrane and the adenine nucleotide translocase of the inner membrane of mitochondria.^[@bib9],\ [@bib10],\ [@bib11],\ [@bib12],\ [@bib13]^ CypD is a peptidylprolyl *cis*--*trans* isomerase that has a critical role in the MPTP opening and subsequently regulates cell death by calcium-mediated activation.^[@bib12],\ [@bib13],\ [@bib14]^ Mice lacking CypD show greater reduction of infarct size in brain and heart against ischemic injury.^[@bib5],\ [@bib15],\ [@bib16]^ In contrast, increased level of CypD in the mitochondria results in greater vulnerability to MPTP in neuronal cells, as well as leads to impairment of mitochondrial membrane potential and excessive generation of reactive oxygen species (ROS) following focal cerebral ischemia in rats.^[@bib17],\ [@bib18]^

Mitochondrial transcription factor A (Tfam, also as known as mtTFA), a nucleus-encoded DNA-binding protein in the mitochondria, has an important role in mitochondrial gene expression and mtDNA maintenance.^[@bib19],\ [@bib20],\ [@bib21]^ Mice lacking *Tfam* have impaired mtDNA transcription and loss of mtDNA leads to bioenergetic dysfunction and embryonic lethality.^[@bib19]^ In contrast, overexpression of Tfam mediates delayed neuronal death following transient forebrain ischemia in mice, and neonatal hypoxic--ischemic brain injury rapidly increased Tfam protein expression in a rat model.^[@bib22],\ [@bib23],\ [@bib24]^ This suggests that these responses may support endogenous repair mechanisms for mtDNA damage following hypoxic--ischemic brain injury.^[@bib23]^ Of note, acute IOP elevation significantly increased Tfam protein expression in the early neurodegeneration of ischemic rat retina,^[@bib25]^ collectively suggesting that these responses may reflect endogenous repair mechanisms against elevated IOP-induced mitochondrial alteration in ischemic injury.

Cyclosporin A (CsA), an immunosuppressant, interacts with CypD and therefore inhibits the MPTP, decreasing sensitivity to calcium ions.^[@bib26],\ [@bib27]^ In the central nervous system (CNS), CsA is neuroprotective on neuronal cells by decreasing brain infarct size, ameliorating neuronal dysfunction or preventing mitochondrial dysfunction in ischemic brain injury,^[@bib26],\ [@bib28],\ [@bib29],\ [@bib30]^ as well as ameliorates mitochondrial dysfunction and neuronal damage in experimental traumatic brain injury.^[@bib31],\ [@bib32]^ Furthermore, growing evidence indicates that CsA increases RGC survival and axonal regeneration into peripheral nerve autografted onto the cut ON of F344 rats, as well as delays axonal degeneration and mitochondrial swelling in the ON explants of C57BL/Wld^s^ mice.^[@bib14],\ [@bib33]^ Although CsA-mediated blockade of MPTP opening has been implicated as a potential target for therapeutic intervention in ischemic injury, it remains unknown whether CsA protects RGCs against ischemic retinal injury.

In the current study, we determined whether CsA promotes RGC survival and blocks the upregulation of CypD protein expression, and whether it prevents apoptotic pathway and alters Tfam protein expression and mtDNA content in ischemic retinal injury.

Results
=======

The effect of CsA in IOP and body weight
----------------------------------------

We began either vehicle or CsA treatment daily until 1 day before the induction of transient retinal ischemia and then continued vehicle or CsA treatment daily for 2 weeks ([Figure 1a](#fig1){ref-type="fig"}). Transient retinal ischemia was induced by acute IOP elevation to 77.3±4.6 mm Hg in mice treated with vehicle and 84.1±6.6 mm Hg in mice treated with CsA for 50 min during anterior chamber perfusion with saline (*n*=30 mice per group; [Figure 1b](#fig1){ref-type="fig"}). The mean IOP of non-ischemic contralateral control eyes was 10.8±1.8 mm Hg (*n*=30 mice; [Figure 1b](#fig1){ref-type="fig"}). In addition, no difference was found in body weight between vehicle- and CsA-treated mice during experimental period (*n*=30 mice; [Figure 1b](#fig1){ref-type="fig"}).

CsA promotes RGC survival in ischemic retina
--------------------------------------------

We determined whether CsA promotes RGC survival in ischemic retina using whole-mount immunohistochemistry using antibody raised against Brn3a, a marker for RGCs. Mean RGC density per retina for each group is presented in [Table 1](#tbl1){ref-type="table"}. Non-ischemic control mouse retina had an average of 3440±265 RGCs in the central, 3126±385 RGCs in the middle and 1974±236 RGCs in the peripheral areas (*n*=7 retinas) ([Figures 2a and b](#fig2){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). In comparison with vehicle-treated non-ischemic control retina, vehicle-treated ischemic retina showed about 32% loss of of RGC(*P*\<0.05; [Figures 2a and b](#fig2){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). In contrast, CsA significantly promoted RGC survival by an approximate 21% compared with vehicle-treated ischemic retina (*P*\<0.01; [Figures 2a and b](#fig2){ref-type="fig"}; [Table 1](#tbl1){ref-type="table"}). However, there were no significant difference in RGC survival between vehicle- and CsA-treated control mice ([Figure 2b](#fig2){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}).

CsA prevents the upregulation of CypD and GFAP protein expression in ischemic retina
------------------------------------------------------------------------------------

To determine whether CsA treatment prevents upregulation of glial fibrillary acidic protein (GFAP) and CypD protein expression, we performed western blot analysis using antibodies raised against GFAP and CypD. We observed that increase of CypD protein expression was maximal 12 h later by 1.54±0.39-fold in ischemic retina compared with vehicle-treated non-ischemic control retina (*P*\<0.05; [Figure 3a](#fig3){ref-type="fig"}). The relative quantity of CypD protein expression was less at 24 h by 1.43±0.18-fold than at 12 h after ischemia--reperfusion. Intriguingly, CsA treatment significantly decreased GFAP and CypD protein expression in ischemic retina at 12 h by 0.69±0.18- and 0.68±0.05-fold compared with vehicle-treated ischemic retina, respectively (*P*\<0.05; [Figure 3b](#fig3){ref-type="fig"}). We next determined the cellular distribution of CypD protein expression in ischemic retina ([Figures 3c--e](#fig3){ref-type="fig"}). In comparison with vehicle-treated non-ischemic control retina ([Figure 3c](#fig3){ref-type="fig"}), vehicle-treated ischemic retina showed the increase of CypD immunoreactivity in the outer plexiform layer (OPL), inner nuclear layer (INL), inner plexiform layer (IPL) and ganglion cell layer (GCL). Interestingly, we found that CypD immunoreactivity increased in Müller cells in the inner retina as well as in RGCs in the GCL ([Figure 3d](#fig3){ref-type="fig"}). However, CsA treatment decreased CypD immunoreactivity in the inner layer of ischemic retina ([Figure 3e](#fig3){ref-type="fig"}).

CsA blocks caspase-3-mediated apoptotic pathway in ischemic retina
------------------------------------------------------------------

To determine whether CsA treatment prevents apoptotic cell death in ischemic retina, we performed TUNEL staining. There were no TUNEL-positive cells in the retina of vehicle-treated non-ischemic control mice ([Figure 4a](#fig4){ref-type="fig"}). However, vehicle-treated ischemic retina showed TUNEL-positive apoptotic cell death in the INL (8±5 per 200 *μ*m) and GCL (24±5 per 200 *μ*m) at 12 h ([Figures 4b and d](#fig4){ref-type="fig"}). Higher magnification clearly showed that TUNEL-positive apoptotic bodies were correlated with the nucleus of dying cells in the GCL of vehicle-treated ischemic retina ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). In contrast, there were no TUNEL-positive cells in CsA-treated ischemic retina ([Figures 4c and d](#fig4){ref-type="fig"}). To further confirm the CsA-mediated blockade of apoptotic cell death in ischemic retina, we also performed western blot analysis using an antibody raised against caspase-3 (cleaved form). In comparison with vehicle-treated non-ischemic control retina, the cleaved caspase-3 protein expression was significantly increased from 6 h, and peaked at 24 h by 33.25±2.37-fold in vehicle-treated ischemic retina (*P*\<0.01; [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). In comparison with vehicle-treated non-ischemic control retina ([Figure 4e](#fig4){ref-type="fig"}), vehicle-treated ischemic retina showed a significant induction of cleaved caspase-3 protein expression at 12 h by 7.61±1.79-fold compared with vehicle-treated control retina ([Figure 4e](#fig4){ref-type="fig"}). However, CsA treatment significantly reduced cleaved caspase-3 protein expression in ischemic retina at 12 h by 3.33±1.08-fold ([Figure 4e](#fig4){ref-type="fig"}). Interestingly, CsA treatment also showed a significant induction of cleaved caspase-3 protein expression at 12 h by 2.50±0.79-fold in non-ischemic control retina ([Figure 4e](#fig4){ref-type="fig"}). Although our findings demonstrated the induction of cleaved caspase-3 protein expression from the whole retinal extracts of the CsA-treated control or ischemic groups, we cannot exclude a small induction of apoptotic cell death that was not detected by our TUNEL technique.

CsA modulates Bcl-xL and pBad protein expression in ischemic retina
-------------------------------------------------------------------

To determine whether CsA modulates apoptotic pathway in ischemic retina, we performed western blot analysis using antibodies raised against Bcl-2, Bcl-xL and phosphorylated Bad (pBad) at Ser112. In comparison with vehicle-treated non-ischemic control retina, Bcl-xL protein expression was slightly decreased in vehicle-treated ischemic retina at 12 h; however, there was no statistically significant difference ([Figure 5a](#fig5){ref-type="fig"}). Furthermore, CsA treatment showed no differences in ischemic retina at 12 h compared with vehicle-treated ischemic retina ([Figure 5a](#fig5){ref-type="fig"}). In comparison with vehicle-treated non-ischemic control retina, pBad protein expression was significantly increased by 10.9±3.7-fold in ischemic retina at 12 h (*P*\<0.05; [Figure 5](#fig5){ref-type="fig"}). In contrast, CsA treatment significantly decreased pBad protein expression by 4.28±2.23-fold in ischemic retina (*P*\<0.05; [Figure 5](#fig5){ref-type="fig"}). There was no difference in pBad protein expression between vehicle- and CsA-treated non-ischemic control retina ([Figure 5a](#fig5){ref-type="fig"}). We next determined the cellular distribution of Bcl-xL protein expression in ischemic retina ([Figures 5b--d](#fig5){ref-type="fig"}). In vehicle-treated non-ischemic control retina, we observed that Bcl-xL immunoreactivity was localized in RGCs of the GCL as well as in the OPL, INL and IPL ([Figure 5b](#fig5){ref-type="fig"}). Interestingly, vehicle-treated ischemic retina showed less Bcl-xL immunoreactivity in RGCs of the GCL compared with vehicle-treated non-ischemic control retina ([Figure 5c](#fig5){ref-type="fig"}). However, CsA treatment showed a partial preservation of Bcl-xL immunoreactivity in RGCs of the GCL in ischemic retina ([Figure 5d](#fig5){ref-type="fig"}). In addition, we found that Bcl-2 protein expression was not detected in vehicle-treated non-ischemic control retina ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}), correlating with a previous study of the minimal expression of Bcl-2 in the normal adult rat retina.^[@bib34]^ Interestingly, however, Bcl-2 protein expression was significantly induced in vehicle-treated ischemic retina ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). In contrast, CsA treatment significantly decreased Bcl-2 protein expression in the ischemic retina compared with vehicle-treated ischemic retina (*P*\<0.01; [Supplementary Figure 3](#sup1){ref-type="supplementary-material"}).

CsA preserves Tfam protein expression but does not alter mtDNA content in ischemic retina
-----------------------------------------------------------------------------------------

To determine whether acute IOP elevation induces alteration of mtDNA in ischemic retina and whether CsA treatment preserves this alteration in ischemic retina, we performed western blot analysis using an antibody for Tfam and measured mtDNA content by real-time PCR analysis. We observed that Tfam protein expression was significantly increased by 1.28±0.05-fold in ischemic retina at 12 h (*P*\<0.05; [Figure 6a](#fig6){ref-type="fig"}). However, although CsA treatment preserved Tfam protein expression in ischemic retina at 12 h compared with vehicle-treated ischemic retina (*P*\<0.01; [Figure 6a](#fig6){ref-type="fig"}), surprisingly, we also found that there was a significant increase of Tfam protein expression by 1.63±0.07-fold in CsA-treated non-ischemic control retina compared with vehicle-treated non-ischemic control retina (*P*\<0.01; [Figure 6a](#fig6){ref-type="fig"}). Of interest, real-time PCR analysis showed that there were no statistically significant differences in mtDNA content among the groups treated with vehicle or CsA in ischemic retina at 12 h ([Figure 6b](#fig6){ref-type="fig"}).

Discussion
==========

Ischemic damage can trigger calcium dysregulation by increasing cellular calcium overload and induce pathological opening of MPTP, leading to the loss of the mitochondrial membrane potential.^[@bib35],\ [@bib36],\ [@bib37],\ [@bib38]^ Collectively, these contribute to neuronal cell death pathway in ischemic injury of the CNS.^[@bib37],\ [@bib39],\ [@bib40]^ As the molecular mechanisms underlying MPTP opening-mediated RGC death in ischemic retinal injury remain unknown, we observed for the first time direct evidence that acute IOP elevation-induced ischemic injury upregulates CypD protein expression in the retina. Moreover, inhibition of CypD by CsA treatment promotes RGC survival, blocks apoptotic cell death and preserves Tfam protein expression in ischemic retinal injury.

CypD is thought to be a key player to trigger calcium-mediated confirmation change in the ANT, leading to an opening of the MPTP in necrotic cell death.^[@bib7],\ [@bib41]^ Mice that lack CypD not only ameliorate neuronal cell death against ischemia--reperfusion but also show a marked reduction in brain infarct size against acute middle cerebral artery occlusion--reperfusion^[@bib5],\ [@bib15],\ [@bib16]^ as well as protect both interneuron and motorneurons against excitotoxicity.^[@bib42]^ In contrast, mice that overexpress CypD show mitochondrial swelling and spontaneous cell death.^[@bib15],\ [@bib16]^ Furthermore, the high levels of CypD trigger greater vulnerability to MPT in neuronal mitochondria,^[@bib17]^ as well as induce reduction of mitochondrial membrane potential and increase of ROS generation in focal cerebral ischemia.^[@bib18]^ Taken together with these results, our findings suggest that the upregulation of CypD may facilitate an opening of the MPTP, increase mitochondrial vulnerability and trigger cell death in ischemic retina.

MPTP has been linked to glutamate excitotoxicity- or oxidative stress-mediated cell death pathway in ischemic injury of the CNS.^[@bib7],\ [@bib15],\ [@bib42]^ Emerging evidence indicates that glutamate excitotoxicity and/or oxidative stress triggered mitochondrial dysfunction and apoptotic cell death in ischemic retinal injury.^[@bib25]^ Therefore, it is possible that glutamate excitotoxicity and/or oxidative stress following acute IOP elevation may directly contribute to the upregulation of CypD protein expression and trigger the MPTP opening-mediated mitochondrial dysfunction in ischemic retina. Future studies will be needed to clarify the relationship between glutamate excitotoxicity/oxidative and CypD-mediated MPTP opening in ischemic retina.

CsA, the selective inhibitor of CypD, prevents MPTP by interacting with CypD and blocks calcium sensitivity.^[@bib27],\ [@bib43]^ Growing evidence indicates that CsA-mediated CypD inhibition ameliorates neuronal cell death or axon damage against brain ischemia or Wallerian degeneration *in vivo*,^[@bib13],\ [@bib14],\ [@bib26],\ [@bib27],\ [@bib42]^ as well as against glucose and oxygen deprivation *in vitro.*^[@bib44]^ In the current study, we found that CsA significantly prevented the upregulation of CypD and GFAP protein expression in ischemic retina. Intriguingly, CsA preserved CypD immunoreactivity in Müller cells of the inner retinal layer in ischemic retina. As retinal ischemia results in delayed neuronal cell death in the inner retinal layers,^[@bib45]^ Müller cell activation in the inner retinal layers may have critical roles in neuroprotection and neurodegeneration in ischemic retinal injury.^[@bib46],\ [@bib47],\ [@bib48]^ Although it is unclear whether ischemic insults such as excessive glutamate accumulation and oxidative stress induce the functional alteration of Müller cells,^[@bib45],\ [@bib46]^ our findings reflect the possibility that ischemic insults may cause the upregulation of CypD and, in turn, trigger the dysfunction of Müller cells in ischemic retina, indicating that CsA may directly or indirectly modulate Müller glial reaction in the retina against ischemic injury.

Consistent with our result of CsA-mediated promotion on RGC survival in ischemic retina, we found that CsA preserved CypD protein expression in the GCL in ischemic retina at 12 h. Interestingly, this result is highly correlated with CsA-mediated protection against apoptotic cell death by reduction of cleaved caspase-3 protein expression in ischemic retina. As necrosis is one of important cell death pathways in ischemia--reperfusion injury similar to that in apoptosis,^[@bib6],\ [@bib41]^ it has been reported that CypD-dependent MPTP opening by calcium overload and oxidative stress leads to necrosis rather than apoptosis.^[@bib6],\ [@bib41]^ Nevertheless, the possible role of the MPTP opening in apoptotic cell death has been implicated in heart muscle cells in normal mice that have high levels of CypD^[@bib7],\ [@bib15]^ as well as in neurons exposed to moderate calcium overload.^[@bib49],\ [@bib50],\ [@bib51]^ Taken together, our findings suggest that CypD-mediated MPTP opening may contribute to not only necrotic cell death but also to apoptotic cell death in ischemic retina injury. For further study of the links between CypD-mediated MPTP opening, and apoptotic or necrotic pathway in ischemic retinal injury, it would be useful to investigate the cell death mechanisms in ischemic retina of CypD-deficient mice induced by acute IOP elevation.

Bcl-xL regulates cell survival by promoting mitochondrial adenine-nucleotide exchange and prevents mitochondrial hyperpolarization by maintaining mitochondrial membrane permeability.^[@bib52],\ [@bib53]^ In addition, activation of phosphatidyl inositol-3-kinase and protein kinase/Akt (Akt) pathway increases survival factors including Bcl-2 and Bcl-xL.^[@bib25],\ [@bib54]^ It has been reported that transient focal ischemic injury induced the downregulation of phosphorylated Akt (pAkt) in rat brain and CsA prevented this downregulation of pAkt,^[@bib55]^ suggesting that CsA may trigger pAkt-mediated increase of Bcl-xL in ischemic injury. More importantly, it has been demonstrated that Bcl-xL was decreased in the adult retina after ON crush.^[@bib34]^ In addition, Krajewski *et al.*^[@bib56]^ reported that Bcl-xL protein expression was decreased in neuronal cells following cerebral ischemic injury.

In the current study, interestingly, we found that the level of Bcl-xL protein expression was not changed in the protein extracts from whole retinas following ischemia--reperfusion compared with control retinas. In addition, CsA did not show differences in Bcl-xL protein expression among control and ischemic retinal groups. Surprisingly, however, we observed that ischemic retina showed less Bcl-xL immunoreactivity in RGCs of the GCL. Furthermore, CsA partially preserved Bcl-xL immunoreactivity in RGCs against ischemic injury. On the basis of these results, our findings suggest that Bcl-xL is the predominant member of Bcl-2 family in rodent retina.^[@bib34]^ Furthermore, it is possible that CsA rescues RGCs by restoring Bcl-xL protein expression against ischemic injury. The increase of pBad protein expression has been thought as an endogenous compensatory mechanism to promote cell survival against ischemic brain or retinal injury.^[@bib25],\ [@bib57]^ Our recent study have demonstrated that ischemic injury significantly triggered the increase of pBad protein expression in rat retina.^[@bib25]^ In a good agreement with this result, we also observed that ischemic injury significantly increased pBad protein expression in mouse retina. However, CsA highly preserved pBad protein expression in ischemic retina, suggesting that increasing pBad expression may be an important endogenous defense mechanism and that CsA may directly or indirectly modulate pBad-mediated signaling pathway in the retina against ischemic injury. Collectively, our results indicate that CsA may protect RGCs against ischemic damage by preserving Bcl-xL and pBad protein expression.

Ischemic injury-induced mitochondrial dysfunction includes induction of ROS generation, as well as alterations of mtDNA content and Tfam protein expression in the CNS.^[@bib23],\ [@bib58]^ Recently, we have reported that acute IOP elevation-induced ischemic injury significantly increased Tfam protein expression in the retina and that blockade of glutamate excitotoxicity-induced oxidative stress by brimonidine treatment preserved Tfam protein expression in ischemic retina, suggesting that the preservation of Tfam may exert an endogenous repair mechanism for protecting RGCs against mitochondrial dysfunction induced by glutamate excitotoxicity and/or oxidative stress in ischemic retina.^[@bib25]^ In the current study, we observed that CsA preserved Tfam protein expression in ischemic retina at 12 h. Tfam is rapidly increased in the early neurodegenerative events of neonatal hypoxic--ischemic brain injury.^[@bib23]^ In contrast, mice lacking *Tfam* triggered impairment of mtDNA transcription and loss of mtDNA.^[@bib19]^ Collectively, our findings suggest that CsA might preserve Tfam protein expression and ameliorate mitochondrial dysfunction by blocking CypD-dependent MPTP opening against ischemic injury. In addition, we also found a significant increase of Tfam protein expression in CsA-treated non-ischemic control retina. As CsA interacts with CypD and therefore inhibits the MPTP and decreases calcium sensitivity,^[@bib26],\ [@bib27]^ it is possible that increasing CsA might alter normal mitochondrial function and trigger the upregulation of Tfam protein expression in control retina. However, we cannot exclude the possibility that healthy neurons might be more sensitive and resistant by increasing Tfam expression in response to CsA-mediated mitochondrial stress that may cause any adverse effect in normal retina compared with injured neurons in ischemic retina. Future studies will be needed to clarify this by examining the functional role of CsA-mediated Tfam expression in normal retina.

Interestingly, we found that there were no statistically significant differences in mtDNA content among control and ischemic groups. Because it has been reported that ischemic injury triggered reduction of mtDNA content in focal cerebral ischemia--reperfusion or that hypoxic--ischemic injury induced increase of mtDNA content in rat brain,^[@bib23],\ [@bib58]^ our findings reflect the possibility that increasing Tfam protein expression may prevent alteration of mtDNA content in ischemic retina. As overexpression of Tfam delayed neuronal cell death following transient forebrain ischemia in mice,^[@bib22],\ [@bib24]^ we believe that studying the benefit of increased Tfam expression on mitochondrial dysfunction including mtDNA alteration may provide a therapeutic target for fighting against RGC degeneration in ischemic retinal injury.

In conclusion, these results provide direct evidence that activation of CypD-mediated MPTP opening is associated with apoptotic pathway and mitochondrial alteration in RGC death of ischemic retinal injury. On the basis of these observations, our findings suggest that CsA-mediated CypD inhibition may provide a promising therapeutic potential for protecting RGCs against ischemic injury-mediated mitochondrial dysfunction.

Materials and Methods
=====================

Animals
-------

Female, 4-month-old C57BL/6 mice (20--25 g in weight; The Jackson Laboratories, Bar Harbor, ME, USA) were housed in covered cages, fed with a standard rodent diet *ad libitum* and kept on a 12 h light/12 h dark cycle. All procedures concerning animals were performed in accordance with the ARVO statement for the Use of Animals in Ophthalmic and Vision Research and under protocols approved by institutional IACUC committees at the University of California San Diego.

Induction of transient retinal ischemia
---------------------------------------

The mice were anesthetized with a mixture of ketamine (100 mg/kg, Ketaset; Fort Dodge Animal Health, Fort Dodge, IA, USA) and xylazine (9 mg/kg, TranquiVed; Vedeco Inc., St. Joseph, MO, USA) by intraperitoneal injection. Eyes were also treated with 1% proparacaine drops. A 30-G needle was inserted into the anterior chamber of right eye that was connected by flexible tubing to a saline reservoir. By raising the reservoir, IOP was elevated to 70--90 mm Hg for 50 min. Sham treatment was performed in the contralateral eyes by the insertion of a needle in the anterior chamber without saline injection. Retinal ischemia was confirmed by observing whitening of the iris and loss of the retina red reflex.^[@bib25],\ [@bib59]^ IOP was measured with a tonometer (TonoLab; Tiolatoy, Helsinki, Finland) during ischemia. Non-ischemic contralateral control retinas were used as control.

Pharmacological treatment
-------------------------

CsA was provided from Allergan (Irvine, CA, USA) and phosphate-buffered saline (PBS)/EtOH was used as vehicle control. Both CsA and vehicle were injected once by intraperitoneal injection at 24 h before and at the time of initial IOP elevation for short-term experiments, as well as treated daily by intraperitoneal injection for 2 weeks to examine RGC survival. Four groups were studied: a group of non-ischemic C57BL/6 mice treated with vehicle (PBS/EtOH, *n*=30 mice), a group of ischemic C57BL/6 mice treated with vehicle (*n*=30 mice), a group of non-ischemic C57BL/6 mice treated with CsA (5 mg/kg per day, *n*=30 mice) and a group of ischemic C57BL/6 mice treated with CsA (*n*=30 mice).

Tissue preparation
------------------

Six to 24 h after acute IOP elevation, light-adapted mice were anesthetized with intraperitoneal injection of a mixture of ketamine/xylazine, as described, and then mice were perfused transcardially with 0.9% saline followed by 4% paraformaldehyde in 1 × PBS (pH 7.4). Both eyes were enucleated and fixed in 4% paraformaldehyde in PBS for 4 h at 4 °C. After several washes in PBS, the retinas were dissected and then dehydrated through graded ethanol solutions and embedded in polyester wax.

Whole-mount immunohistochemical analysis
----------------------------------------

Retinas from enucleated eyes were dissected as flattened whole mounts at 2 weeks after ischemia. Retinas were immersed in PBS containing 30% sucrose for 24 h at 4 °C. The retinas were blocked in PBS containing 3% donkey serum, 1% bovine serum albumin, 1% fish gel and 0.1% Triton X-100 for 1 h, and then incubated with goat polyclonal anti-Brn3a antibody (1 : 500; Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 3 days at 4 °C. After several wash steps, the retinas were incubated with the secondary antibodies, Alexa Fluor-568 donkey anti-goat IgG antibody (Invitrogen, Carlsbad, CA, USA) for 24 h, and subsequently washed with PBS. The retinas were counterstained with the nucleic acid stain Hoechst 33342 (1 *μ*g/ml; Invitrogen) in PBS. Images were captured with a spinning-disc confocal microscope (Olympus America Inc., Center Valley, PA USA) equipped with a high-precision closed loop XY stage and closed loop Z control with commercial mosaic acquisition software (MicroBrightField; MBF Bioscience Inc., Williston, VT, USA). The microscope is equipped with high-resolution high-sensitive CCD camera for high-speed mosaic acquisition.

Quantitative analysis for RGC counting
--------------------------------------

To count RGCs labeled with Brn3a, each retinal quadrant was divided into three zones by central, middle and peripheral retina (one-sixth (∼400 *μ*m), three-sixths (∼1200 *μ*m) and five-sixths (∼2000 *μ*m) of the retinal radius from the ON head). Images were taken at × 20, covering an area of 0.344 mm^2^, and then the number of RGCs was normalized per mm^2^. RGC densities were measured in 24 distinct areas (two areas at central, middle and peripheral per retinal quadrant) per condition by two investigators in a masked manner, and the scores were averaged (*n*=7 retinas per group). RGC densities were automatically measured using the ImageJ cell counting analysis (<http://rsb.info.nih.gov/ij/>; National Institute of Health, Bethesda, MD, USA).

Immunohistochemical analysis
----------------------------

Immunohistochemical staining of retinal cross-sections at 12 h after transient ischemia was performed. Five sections per wax block from each group were used for immunohistochemical analysis. Primary antibodies were mouse monoclonal anti-CypD antibody (1 : 100; Life Technologies, Grand Island, NY, USA) and rabbit polyclonal anti-Bcl-xL antibody (1 : 1000; Cell Signaling, Danvers, MA, USA). To prevent nonspecific background, tissues were incubated in 1% bovine serum albumin/PBS for 1 h at room temperature before incubation with the primary antibodies for 16 h at 4 °C. After several wash steps, the tissues were incubated with the secondary antibodies, Alexa Fluor 568 dye-conjugated donkey anti-rabbit IgG antibody (1 : 100; Invitrogen) for 4 h at 4 °C, and subsequently washed with PBS. The sections were counterstained with the nucleic acid stain Hoechst 33342 (Invitrogen) in PBS. Images were acquired with confocal microscopy (Olympus FluoView1000; Olympus, Tokyo, Japan).

Western blot analysis
---------------------

Following 6, 12 or 24 h after transient ischemia, the retinas were homogenized in a glass-Teflon Potter homogenizer in RIPA lysis buffer (150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% SDS, 1 mM DTT, 0.5% sodium deoxycholate and 50 mM Tris-Cl, pH 7.6) containing complete protease inhibitors (Roche Biochemicals, Indianapolis, IN). Each sample (10 *μ*g; *n*=4 retinas per group) was separated by SDS-PAGE and electrotransferred to polyvinylidenedifluoride membrane. The membrane was blocked with 5% non-fat dry milk and 0.1% Tween-20 in PBS for 1 h, incubated with mouse monoclonal anti-GFAP (1 : 3000; Sigma, St. Louis, MO, USA), mouse monoclonal anti-CypD antibody (1 : 1000; Life Technologies), rabbit polyclonal anti-Bax antibody (1 : 500; Santa Cruz Biotechnology), rabbit polyclonal anti-Bcl-xL antibody (1 : 1000; Cell Signaling), mouse monoclonal anti-pBad (1 : 2000; Cell Signaling), mouse monoclonal caspase-3 antibody (1 : 3000; Cell Signaling), rabbit polyclonal anti-Tfam antibody (1 : 3000; GeneTex, Irvine, CA, USA) and mouse monoclonal anti-actin antibody (1 : 10 000; Millipore, Billerica, MA, USA) for overnight at 4 °C. After several washes in Tween/PBS, the membranes were incubated with peroxidase-conjugated goat anti-mouse IgG (1 : 5000; Bio-Rad, Hercules, CA, USA), goat anti-rabbit IgG (1 : 5000; Bio-Rad) or goat anti-mouse IgG (1 : 5000; Bio-Rad), and developed using chemiluminescence detection (ECL Plus; GE Healthcare Bio-Science, Piscataway, NJ, USA). The scanned film images were analyzed by ImageJ (National Institute of Health) and band densities were normalized to the band densities for actin.

TUNEL staining
--------------

The retinal cross-sections prepared at 12 h after transient ischemia were incubated with proteinase K (10 *μ*g/ml, 10 mM Tris, pH 7.4--8.0) for 10 min at 37 °C. After rinsing in PBS, the sections were incubated with terminal deoxynucleotidyl transferase plus nucleotide mixture in reaction buffer for 60 min at 37 °C (In situ Cell Death Detection Kit; Roche Applied Science, Indianapolis, IN, USA) as described previously.^[@bib60]^ To count TUNEL-positive cells, the area was divided into three layers by GCL, INL and outer nuclear layer (ONL). TUNEL-positive cells were counted in eight microscopic fields of 0.2 mm from retinal sections per condition (*n*=5 retinas) by two investigators in a masked manner, and the scores were averaged.

Measurement of mitochondrial DNA content
----------------------------------------

Mitochondrial DNA (mtDNA) content of each sample at 12 h after transient ischemia was determined. Briefly, total genomic DNA was isolated from retinas by using DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA, USA) as described in the manufacturer\'s protocol. For the measurement of mtDNA content, PCR was performed using total genomic DNA and mitochondrial cytochrome *B* (CytB -- F: 5′-GGTCTTTTCTTAGCCATACACTACA-3′ CytB -- R: 5′-ATATCGGATTAGTCACCCGTAAT-3′) or *β*-actin (ActB -- F; GATCGATGCCGGTGCTAAGA-3′ ActB -- R: 5′-CACCATCACACCCTGTGGAAG-3′) primers. PCR products were electrophoresed on a 2% agarose gel and visualized by ethidium bromide. For the quantification of the relative mtDNA content of each group, real-time PCR was carried out using MX3000P real-time PCR system (Stratagene, La Jolla, CA, USA) as follows. Total genomic DNAs (10 ng) from each sample were amplified using iQTM SYBR Green supermix (Bio-Rad) and CytB or ActB primers for 40 cycles (initial incubation at 95 °C for 10 min, and 40 cycles (95 °C for 30 s, 55 °C for 30 s and 72 °C for 20 s)). Output data were obtained as Ct values and the difference of mtDNA content among samples was calculated using the comparative Ct method. *ActB* gene was used to normalize the ratio between mtDNA and genomic DNA. The samples were run in triplicates for all experiments.

Statistical analysis
--------------------

Data were presented as the mean±S.D. Comparison of two or three experimental conditions was evaluated using the unpaired, two-tailed Student\'s *t*-test or one-way analysis of variance and the Bonferroni *t*-test. *P*\<0.05 was considered to be statistically significant.
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Akt

:   protein kinase/Akt

CNS

:   central nervous system

CypD

:   cyclophilin D

CsA

:   cyclosporin A

GCL

:   ganglion cell layer

GFAP

:   glial fibrillary acidic protein

INL

:   inner nuclear layer

IOP

:   intraocular pressure

IPL

:   inner plexiform layer

mtDNA

:   mitochondrial DNA

MPTP

:   mitochondrial permeability transition pore

ON

:   optic nerve

ONL

:   outer nuclear layer

pAkt

:   phosphorylated Akt

pBad

:   phosphorylated Bad

PI3K

:   phosphatidyl inositol-3-kinase

RGC

:   retinal ganglion cell

Tfam

:   mitochondrial transcription factor A
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![CsA treatment and induction of transient retinal ischemia. (**a**) Diagram for CsA treatment before and after ischemic injury. Vehicle or CsA treatment was begun daily until 1 day before the induction of transient retinal ischemia and continued for 2 weeks. (**b**) IOP elevation in the mouse eyes and body weight following transient retinal ischemic injury](cddis201480f1){#fig1}

![CsA promotes RGC survival in ischemic retina. Vehicle or CsA treatment was begun daily until 1 day before the induction of transient retinal ischemia and continued for 2 weeks. (**a**) Brn3a whole-mount immunohistochemistry. High magnification showed representative images from the central, middle and peripheral area of retinas. (**b**) Quantitative analysis of RGC survival. Values are mean±S.D. (*n*=7 retinas per group). \*Significant at *P*\<0.05 compared with vehicle-treated non-ischemic contralateral control retina and \*\*significant at *P*\<0.01 compared with vehicle-treated ischemic retina. Scale bar, 50 *μ*m (all panels)](cddis201480f2){#fig2}

![CsA prevents the upregulation of CypD and GFAP protein expression in ischemic retina. Vehicle or CsA treatment was begun daily until 1 day before the induction of transient retinal ischemia and continued for 12 h. (**a**) Increase of CypD protein expression was maximal at 12 h in ischemic retina. The relative concentration of CypD protein expression was less at 24 h than at 12 h after ischemia--reperfusion. (**b**) CsA treatment preserved CypD and GFAP protein expression at 12 h compared with vehicle-treated ischemic retina. Values are mean±S.D. (*n*=4 retinas per group). \*Significant at *P*\<0.05 compared with vehicle-treated non-ischemic contralateral control retina or vehicle-treated ischemic retina. (**c**--**e**) CypD immunohistochemistry. In comparison with non-ischemic contralateral control retina (**c**), vehicle-treated ischemic retina showed increase of CypD immunoreactivity in the OPL, INL, IPL and GCL. Note that CypD immunoreactivity increased in Müller cells in the inner retina (arrowheads) as well as in RGCs in the GCL (arrows) (**d**). However, CsA treatment decreased CypD immunoreactivity in ischemic retina (**e**). Scale bar, 20 *μ*m (all panels)](cddis201480f3){#fig3}

![CsA blocks caspase-3 mediated apoptotic pathway in ischemic retina. Vehicle or CsA treatment was begun daily until 1 day before the induction of transient retinal ischemia and continued for 12 h. (**a**) There were no TUNEL-positive cells in vehicle-treated non-ischemic contralateral control retina. (**b**) Ischemic retinas treated with vehicle showed TUNEL-positive apoptotic cell death in the GCL and INL at 12 h. (**c**) In contrast, there were no TUNEL-positive cells in ischemic retina treated with CsA. (**d**) Quantitative analysis of TUNEL-positive cells. Values are mean±S.D. (*n*=8 retinas per group). (**e**) Ischemic retinas showed a significant induction of cleaved caspase-3 protein expression at 12 h. However, CsA treatment significantly reduced cleaved caspase-3 protein expression in ischemic retina at 12 h compared with vehicle-treated ischemic retina. Interestingly, CsA treatment also showed a significant induction of cleaved caspase-3 protein expression in non-ischemic contralateral control retina. Values are mean±S.D. (*n*=4 retinas per group). \*Significant at *P*\<0.05 compared with vehicle-treated non-ischemic contralateral control retina or vehicle-treated ischemic retina. ND, non-detectable. Scale bar, 20 *μ*m (all panels)](cddis201480f4){#fig4}

![CsA modulates Bcl-xL and pBad protein expression in ischemic retina. Vehicle or CsA treatment was begun daily until 1 day before the induction of transient retinal ischemia and continued for 12 h. (**a**) Vehicle-treated ischemic retina did not change Bcl-xL protein expression but significantly increased pBad protein expression in ischemic retina at 12 h compared with vehicle-treated non-ischemic contralateral control retina. However, CsA treatment significantly decreased pBad protein expression in ischemic retina, but there was no statistically significant difference in Bcl-xL protein expression at 12 h compared with vehicle-treated ischemic retina. Values are mean±S.D. (*n*=4 retinas per group). \*Significant at *P*\<0.05 compared with vehicle-treated non-ischemic contralateral control retina or vehicle-treated ischemic retina. (**b**--**d**) Bcl-xL immunohistochemistry. In vehicle-treated non-ischemic contralateral control retina, Bcl-xL immunoreactivity was localized in RGCs of the GCL (arrows) as well as in the OPL, INL and IPL. Interestingly, vehicle-treated ischemic retina showed less Bcl-xL immunoreactivity in RGCs of the GCL compared with non-ischemic control retina. However, CsA treatment showed a partial preservation of Bcl-xL immunoreactivity in RGCs of the GCL (arrows) in ischemic retina. Scale bar, 20 *μ*m (all panels)](cddis201480f5){#fig5}

![CsA preserves Tfam protein expression but does not alter mtDNA content in ischemic retina. Vehicle or CsA treatment was begun daily until 1 day before the induction of transient retinal ischemia and continued for 12 h. (**a**) In comparison with vehicle-treated non-ischemic contralateral control retina, Tfam protein expression was significantly increased in ischemic retina at 12 h. However, CsA treatment preserved Tfam protein expression in ischemic retina compared with vehicle-treated ischemic retina. Interestingly, there was a significant increase of Tfam protein expression in CsA-treated non-ischemic contralateral control retina compared with vehicle-treated non-ischemic contralateral control retina. Values are mean±S.D. (*n*=4 retinas per group). \*Significant at *P*\<0.05 compared with vehicle-treated non-ischemic contralateral control retina treated and \*\*significant at *P*\<0.01 compared with vehicle-treated non-ischemic contralateral control retina treated or vehicle-treated ischemic retina. (**b**) mtDNA content measurement. There were no statistically significant differences in mtDNA content in ischemic retina among control and ischemic groups treated with vehicle or CsA](cddis201480f6){#fig6}

###### Effect of CsA on RGC survival in the central, middle and peripheral retinas at 2 weeks after ischemia--reperfusion

  **RGC density per retina (RGCs per mm**^**2**^)                                                                               
  ------------------------------------------------- ------------------------------------- ------------------------------------- -------------------------------------
  Control--vehicle                                  3440±265                              3126±385                              1974±236
  Ischemia--vehicle                                 2649±106[a](#t1-fn2){ref-type="fn"}   2237±376[a](#t1-fn2){ref-type="fn"}   1458±210[a](#t1-fn2){ref-type="fn"}
  Ischemia--CsA                                     3196±321[b](#t1-fn3){ref-type="fn"}   2999±348[b](#t1-fn3){ref-type="fn"}   1931±182[b](#t1-fn3){ref-type="fn"}
  Control--CsA                                      3418±473                              3005±399                              1771±390

Data are expressed as the mean±S.D. Comparison of three experimental conditions was evaluated using the one-way analysis of variance and the Bonferroni *t*-test.

Significant at *P*\<0.01 compared with vehicle-treated non-ischemic contralateral control retina (*n*=7 retinal flat mounts per group).

Significant at *P*\<0.05 compared with vehicle-treated ischemic retina

[^1]: These authors contributed equally to this work.
